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MEMORANIXM REPORT
for the

Bureau of Aeronautics, Navy Department
A PRELIMINARY EVALUATION OF THE -
EXPIOSION JET-PROPULSION ENGINE

By J. C. Benders

SUMMARY

The theoretical sea-level performance of an explosion Jet-
yropuleion engine similar to the one used in the German flying
bomb wes computed to show the effects on performance of heat added
and supercharging end a comparison wee drawn between the perform-
ance of the explosion Jet-propulsion engine and the constant-
Pressure Jet-propulsion engine. The explosion Jet-propulslon
engine was found to be more efficient then the constent-pressure
Jot-propulsion engine at campressor pressure ratios below 3.0
vhon the maximum gas temperature of the constant-pressure engine
is 1600° F. With more efficient compressors and higher gas temper-
atures, however, the constant-pressure Jet-prorulsion englne 1s
more officlient. The compressor for the constant-pressure Jot-
Propulslon engine absorbs more power than the compressor for the
explosion Jet-propulsion engine when the two engines develop the
same power.

INTRODUCTION

The most widely known and successful Jet-propulsion engine
conslsets of a centrifugal campressor, a constant-pressure com-
bustion chember, and a turbine to extract enough emergy from the
hot gas to drive the compressor. (See reference 1 and fig. 1(a).)
The cycle efficlency of this type of engilne is limited indirectly
by a comparatively low maximum permissible gas temperature of 1600° F
at the turbine to prevent destruction of the turbine blades. Fur-
thermore, a highly efficient compressor capable of producing a
pressure ratlo of 4 or more is required.

A method of circumventing these limitations of the turbine
and campressoxr is to use an exploslon Jet-propulsion ergine 1n which
the ailr 1s iniucted at low precaurs irto a vessel, c¢xplaled to generate
a high pressure, and expelled through a nozzle. (fee £ig. 1(b).)
This type of propulsion engine was patented by Marzomnet in 1809 and
laeter patented by Schmidt in 1931 (reference 2). i'he Schmidt patent
describes the type of engine used by the Germens to propel thelr
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flying bombs agalinst England. Mention 1s also made of this type of
c¢nglne in referonce 3.

The explosion type of engine is not limited in cycle tempera-
tures and may use a fuel-air ratio to glve the maximum temperature
rossible in the combustion of air; furthermore, it does not requlire
a4 camressor, although a ccmpressor improves 1ts performanco.

Thls report prescnts the results of calculations shcwing the
performance of an explosion Jet-propulsion enginc. The effects of
supercharging on cycle efficlency and propulsive efficlency wore
computed and a comparison of the sen-level performance of the super-
chorgud oxplosion Jet--propulsion engine and the constant-pressure
Jet-propulsion englinv was made. A schematic diagram of tho super-
charged engine is shown in figure 1(c).

The computations were mado at the NACA Alircraft Englne Rescarch
Laboratory, Cleveland, Ohlo, during Fobruary and March 1944, as o
part of an investligation of means of increasing the cycle efficlen-
cles of Jet-propulsion engines.

DESCRIPTION OF THE EXPLOSION JET-PROPULSION ENGINE

The simplo type of explosion Jet-propulsion engine used In the
Germen flying bombs is shown dlagremmatically in figure 1(b). A
comblination of the dynemic pressure resulting from the forwerd motion
of the flying bomb and the lnertile effects of the previous charge
being oxpulled from the combuslon chambor serves to induce o charge
of frosh alr through the intcke valve at the front. Fuel is sprayed
into the combustlion chamber and a spark plug ignites thoe mixture.
The lncroassing pressure closes the valve and rises to a high value,
which causes a rapld expulsion of the charge roarward and thereby
genorates tho propulslve thrust. An ldealized sketch of a captured
German flying bomb usling this type of propulsion englne 1s shown in
figure 2.

Inspection of the thermodynamlc cycle of the explosion Jot-
propulsion engine shows that both the cycle efficlency and the power
can be increased by supercharging. Consequontly, consildoration was
glven to the more elaborate explosion Jet-propulslon englne shown
in figure 1(c). In this type of engine, o centrifugnl suporcharger
delivors comprossed alr to a battery of combustion chambers provided
with intake valves and posslibly with oxhaust valves. An auxiifary

.englne drives the supercharger.
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ASSU]ED COMJITIONS FGR CALCULATIONS

The calculations were made for the supemcharged engine shown
in figure 1(c), assuming a compressor efficiency .of 70 percent and
a compressor driving motor having a. thermodynamic cycle efficliency
of 60 percent, The assumed efficiencies of the turbine and the com—
pressor in the constant-pressure jet—propulsion engine were 80 and
75 percent, respectively. No other lotcses were considered.

The following operating coxiltions were assumeds’

e s a s o s o s« o« Sea level
Atmospheric temperature, OF . . . o ¢ ¢ ¢ ¢ 2 ¢« o o o = o o » 100
Velocity of aircraft, miles per HOUr « « « o o « o o o o « « o 400
Gas tempera‘bure before ‘t-urbine, OF. e 8 ® o o 885 0o ° & ° @ ].600

The combined effliciency of the esplosion jet-propulsion engine
#as computed for a range of hcat supplied per pound of air (fuel-
air ratio) from O tn 750 Btu per pound, These calculations were
made for compressor pressure ratios of 1, 2, 3, 4, and 8, Tor com=
parative purposes, the efficlency of the constant—pressure jet-—
propulsion cng:l ne was computed for the same compressor prgssure
ratioﬂ

Calculations were also made to coimpare the thrust powcrs obtalned
from a ziven size compressor as first used with constant-volume com-
bustion and se¢cond, with constent—pressure combustion, A maximm
heat input of 750 Btu per nound was assumed for the constant-vclums
combustion and a maximum gas temperature of 1600° F was assumed for
the constant-pressurc combustion, A range of compressor pressure
ratioe from 1 to 8 was investigated,

The symbbls used ln the computations are given in appendix A,
Detalls of the computations for the cxp].osion Jet=propulsion engine
are described in appendix B and for ths' constant-pressure jot-
propulsion engine, in appendix T,

DEFINITIONS OF TERNS

le efficlency mMeyele 1s the ratlio of the net work of the

.therm .amic cycles to_the heat absorbed from the fucl by the working

fluid, including the fluid vsed Ly the auxiliary engine driving the
compressor, The efficiency of combusticn is thus excluded from the
calculations, .



Propulsive efficlency 10, 1s the ratio of the useful propul-
sive work to the net work addgd to the fluld by the Jet-propulsion

engine.

Combined efficlency 1n 1s tho ratlo of the useful propulsive
work to the heat absorbed from the fuvl by the working fluid,
including the fluld used by the auxlliary engine driving the com-
pressor. The comblnod efficicncy may be obtained by rmltiplylng
the cycle and propulsive efflclencies, provided that they can bo
evaluatod. ’

Blowdown 1is the portion of the explosion cycle following com-
bustlon during which onough ges 1s oxpelled from the combustion
chamber to permlt the pressurc in the exploslion chamber to fall to
the oxhiust back pressure.

ESTIMATED PERFORMARCE OF THE EXPLOSION JET-PROPULSION ENGINE

The combined efficlencles of the cxplosion Jet-propulsion
englne nt seac level and a spoed of 400 miles por hour arc shown in
figure 3 for campressor pressure ratios of 1, 2, 3, 4, and 8. The
maximum combined efficiency is about 10 percent. In general, the
combined efficlency 18 less ot maximum heat input than at helf the
maximum heat input, although this dlfferonce 1s small. At low super-
chargsr prossure ratlos, the combined efflclency falls off rcpidly
at vory low values of heat Input.

A comparison of tho efficlenclcs of Jjot-propulslon enginos
using constant -volume combustion and constont-pressure combustion
is shown In flgure 4. The constunt volume of the explosion Jot-
propulslon englne ls more efficlent at compressor pressure ratlos
below 3.0. J\ single-stage centrifugal suporcharger 1s capable of
producing a pressure ratio of 4. Inspection of figure 4 shows that
tho explosion Jet-propulsion englne with a compression ratio of 4
is about 4 percent less efficlent than a constant-pressure Jet-
propulslon engine having the same compressor pressure ratlo,

The ratio of powers obtainahle from these two types of ongine
with the same size comprossors is shown in figure S5S. The power
obtalnable with constant-pressurc combustion 1s less then the power
obtalnable with constant-volume combustion and, of course, falls to
the very low offliclency of an enginc uslng the dynamic pressure of
the .air when the compressor pressure ratio is 1.



The advantage of the higher efficiency ‘obtained by super-

" Charging is obtained at the cost of a large and heavy engine to
drive the supercharger., Figure 6.shows .that the power required by
the compressor engine exceeds the net thrust power when the super-
charger pressure ratio is 2,0 or greater, It therefore appears
that supercharging is practical only for low pressure ratios.

DISCUSSION

Reliability of- ca;culationﬂ = The trends of the performance
curves shown in figures 3, 4, and 5 were expectad because examina-
tion of the working cycles of the explesion and constant-pressure
Jet-propuleion engines shows that the efflciency of the constant-
presrcure cycle must be zero with a compressor pressure ratio of 1,
assuming no dynamic compression, TIurthermore, the explosion cycle
permits expansion of most of the gas from a much higher pressure
than is availatle in a constant-pressure cycle and therefore usually
has a higher cycle efficlency, In spite of the lower cycle effi-
clency of the constant-pressure engine, ilc combined efflclency 1s
expected. to excecd the efficlency of the explosion Jet-propulsion
enmine under conditions of optinum design because the propulsive
efficiency of the explosion jet-propulsion engine is very low as a
result of the high jet velocities at the heginning of blowdown.

The assunption was made in these calculations that the hlowdown
to atmospheric nressure was complete, Consequently, the velcelty of
discharge during scavenging was negligible, It is possible, however,
that the explosion vessel would blow down to supercharger pressure
and the reslduzl gases would'be expelled at a velonity cnrresponding
te the pressure drop from supercharger pressure to atmospheric pres-—
sure. Calculations of comblned efficiencies with thls type of opera-

tion (shown in fig. 3 for comparison with performance with cemplcto
blowdown) show lower eificiencies at high heat inputs but higher
efficiencies at very low heat inputs than in the case of complete
blocwdown,

Other facliors that may lower the performance of the explosion
Jet—-propulsion engine are snergy losses In charging and scavenging
the combustion chamber, roor scavenging of the combustion chamber,
poor comtustion, and degeneration of the ideal cycle resnlting from
expulsion of gus through the nozzle befors combustlon 1s complete,
Insufficient data are available to evdluate the significance of
these factors and they were therefore not considered in the calcu—
lations,




Charging. - The charging proocess in the explosicn Jet-propulsion
ongline may bo similar to the uniflow-type two-stroke cycle onglne In
which inlet and exhaust valves ars at opposlte ends of thc cylinders.
The indicated mean effective pressures developed by a representative
two-stroke cycle engine at 1800 cycles per minute (referenco 4) indi-
catos that effectlive scavunging may be svcured.

The Schmidt patent (reference 2) specified thc utilization of
Inertia effects arising from blowdown to Induce a fresh chargo.
Erickson (reference 5) has shown that considerable pressure resulting
from incrtia in the intake gystom may be utilized.

Sultability of the explosion Jet-propulsion engine. - The chief
claim for the desirabllity of the explosion Jet-propulsion ongine 1s
its simplicity and consequent ease of development. Its efficloncy
is comparablo with a constant-pressure Jot-propulsion engine although
the constant-pressure englne may be expected to bocome the more effi-
clent as mateorlals for turbine blades ere lmproved.

CONCLUSIONS

Thoorotical calculations of the thermodynamic cycles for an
oexplosion Jet-propuleion engine and a constant-pressure Jet-
Propulsion engine indlicate that:

l. The cambined efficiency of the explosion Jet-propulsion
engline (cycle efficiency times propulsive efficiency) is 8 to 10 per-
cent as compared with 3 to 1l percent for a constant-pressuro ongine
at a maximum gas temperature of 1600° F and an eircraft speed of
400 miles per hour,

2. The explosion Jet-propulsion ongine 1s more efficlent then
the constant-pressure Jet-propulsion englne at pressure ratlos below
5'0.

3. Supercharging up to a preasurc retio of 4 lncreases the
efficiency of the explosion Jet-propulsion engine.

4. The power absorbed by the compressor in the oxplosion Jet-
propulsion englne 1s less than in the conetant-pressure Jet-propulsion

engine.

Alroraft Engine Resoarch Laboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo, iAugust 11, 1944,
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APPENDIX A

SYMBOLS
pressure—rige ratio occurring during combustion
pressure-rise ratlo of the compressor
ratio of stagnation pressure to free-stream pressure
correction for compressibility, 1,064 at 400 miles per hour
sﬁecific heat of the gas at constant pressure, (Btu)/(slug)(°F)

specific heat of the gas at constant velume, (Btu)/(slug)(°F)

rate of expulsion of charge, (slug)/(sec)

w, w
specific energy input, —%—2752

o
thruet force, (1lb)
heat added to air during combustion, (Btu)/(lb air)
impulse per cubic foct of vessel
impulse per slug of gas

internal drag coefficlent, assumed to be zero

combined efficlency of explosion or constant-pressure Jet—
propulsion engine at an airspeed of 400 miles per hour

adiabatic efficiency of the compressor, 0,7
compressor efficiency, assumed to be 0,8

cycle efficlency of compressor driving engine, 0,6
propulsive efflciency

turbine efficiency, assumed to be 0,9

exhaust back pressure, (1b)/(sq ft)

stagnation pressure before inlet to compressor, (1b)/(sq ft)
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P),

pressure of pas entering turbine, (1b)/(sq ft)

pressure of surrounding atmosphers, (1b)/(sq rt)

total pressure of gas in vessel after completion of comtmstion,

(1b)/(sq ft)

ratio of the s-=clfic heats et constant volume and constant
pressure, L.Z°5

ratio of the speciric heats at constant volume znd consiant
pressure, 1l.22 )

ratio of the specific heats at constant volume and constant
nressure, l.4

gas constant, {(ft-1b)/(slug)(°F)
weight of gas remaining in vessel al aany instant, (slug)
weight of initiezl charge, (slug)

weight of charge remaining in vessel at end of ary assumed
blowdown process, (slug)

dencity of air ot atmosnheric conditions, (slugs)/(=u It)

tenperature of ras in vessel atter complction of comhustion,

OI"

temperature of air entering supercharger, absolutc

tewrerature of zir lesving supercharzer, or &t end o! com-
nregssion, “F absclute

tempereture of cir entering corjrcssor, accounting lor adia-
hatic tempmerature rise to stapnaticn, ©F ebsolute

temperatnre of gas anyroaching turbine, °F absolute
velocity of aircraft with resnect to carth, (£t)/(se:)
velocity of eszening sas relative to szirplane, (£t)/(sec)
thrust work devoloped during blowdewn, (ft-1b)/(cu rt)

work equlivalent of h-oat added to fluid in auxiliary =ngins
driving the compressor, or addzd to pas during comlmstion,
{ft-1b)/(1b of rlvid passed through nozzle of jet), or
(ft-1b)/(slug)

°p



9

w, total work available in adiabatic expansion, (ft~1b)/(slug)
= - wy - - net-thrust work. - (ft~1b)/(slug- of air)
w, work abstracted by turbine to drive compressor, (ft-1b)/(siug)

2 effective thrust coefficient
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APPENDIX B

CALCULATIONS FOR THE EXPLOSTON JET-PROPULSION FIVGINE

The equalion for the combined efficlency of a jet~propulsion
engline is;

N = Net thrust work (1)
Energy suppllecd by fuel

The net thrust work is the thrust work developed by the vessel
blowing down minus the work required to bring the charge air to a
zero velocity with respect to the alrplane. The energy suppliced

to the working fluid includes the heat added to the air in the com~
bustion chamber and the heat added ic the working fluid in the aux~—
iliary motor driving the compressor, In computing the thrust work
developed during blowdown, it 1s necessary to determine the maximum
amount of heat to be supplied to the cycle by the fucl., These cam-
putations thercfore descrite in turn (1) a dcrivation of the expres—
sion for thrust work of a vessel blowing down, (2) th.: work of the
fluid in the engine driving the supercharger, (3) a detzrmination of
the maximum hecat supplied, and (4) thz final equation for the effi-
clency of an explosion jet-propulsion cngine.

Thrust developed by a vessel blowing down, — The vessel is con-
sidered to be filled with its charge and combustion complete, with
the gas pressure P, and temperature T,. The vessel then Llows
down to atmospheric pressure p,. If the volume of the vesael ig
1 cubic foot the weight of the initial charge iz p, slugs. The
thrust force al any instant is )

Fu Vféga

The thrust work developed during the expulslon of the charge
dp 1is

dwb = FVodt

= VQ IV




H

Substituting the value of F and integrating the left side gives
- . i o,
Iy = f Vpdp . (2)
Po

If it is assumed that the ge=s obeys the gener=al gas law,
PV = wRT, then

1
Y-1
= 223.7 (_E._) \/ pl (%) . (3)

Substituting the value of V. from equa‘bion (3) in equation (2)

and simplifying and converting to impulse ner slug of gas ir cyllinder
hefore blowdown yields

5
CP PO - {
Toiug = 2237 (R fo Z (4)

where Z ig the effective thrust coeftficient dnfined as
Y-1

P p Y-1 (pl)_v— o
Z = —_ - - d L~ g
N AR ”

Values of Z obktained by arithmetic intesration of equa-
tinn (5) are shown in fimre 7.

The valus of P, was reterained as follows:

(o}
= A}
PO p! x abe (¢ )

The value of a was determined by

+ 1 (1)

am= h
eyT2

The value of ¢ was determined by

1
CcC = Ph +EPLLV°2 p)
2117

(8)

The value of Po is calcalated from

0.71L
J.?]_.h

"Ph(c)

= 0,00250 b
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When tho propor velues orc suhstituted, equaticn (4) *ocomes:

I = BZ 0(—;%)% Z (9
slug ~ 7~ 7 \p0.7

where
I, = 25206 + 25,200 Ty (10)
The net thrust work is
2
*y = Volglug - Vo
i
wy =[52.0 x 587 7)) 2| 597

Work of fluld in the engine driving the supercharger. - The
work of the Iluid in the engilne driving ihe supercharger w:s com-
puted by dividing the energy required for adiahatic compression hy
the adiabatic efficiency of the compressor and the cycle efficiency
of the compressor drivinp engines

] 0.286_
m = gt ) )

The value of Ty is cqual to

= 1.19 T3

d 4 .
2 w, = 262,000 \pC-28¢ _q) (12)

Weximum heat supplied in cxplosion. -~ It was assumcd lhat the
comimstlon in an c¢xplosicn jet-promlsicon engine would be ginilar
to comustion in an internal-combustlion engine using spark ignition
and that the maximum heat added to a pound of mixture in the sperk-
ienition enypine would likewise be the maximum added in o jot-
nropulsion enginc. Indicstor-card analysis in reference 6 showed
that the maximum heal was delivered to the charge with & fel-alr
ratio of 0.082. Analysis ol tho indicator card For inis fuel-air rati
showed that 750 Btu werne added per oound.

Finzl equition Yor cfficiency of Jet-propulsion engine. -
From squation (1) )
Isluf_'g"-’o - Y

32.2((780 * supercharger work)

Tj =
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_Substituting the proper values from equations (9) and (12) gives:

3

“ 966(pob”" ™) z - 10,700
" 788h + 262,000 b°-256—1)

(12)

—_—— e .- - - - . —_
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AFPENDIX C

CALCULATIONS FOR CCNSIANT-PRESSURE JET-PROPULSION ENGINE

The efficiency of the constant-pressure jet-propulsion engine
ie given by the equation

Na i!é.gﬁf&lﬂa (14)

Total work available in adjabatl~ expansion, — The total work
W, availalle in adlabatir expansion is given by the usual equation
for the work of an air motlor: r

ot

Y1
B,
-1 RTall -~ {-& 15)

fy-1 4 (15)

Work abstracted by turbine., — The work abstracted by the lur-
bine is given by the equation:

_i_}
Y2
=—‘!2— _1 - ] 1
wy Tool RT3 [ y 1 o (16)

Fropulsive efficioncy. = The propulsive efficicncy waz computed
by the use cf cqualion (14) of reference 7, which 1is:

2

P T l+ Vi + € ~K

Heat added during combustion. - The heat adced Jurin; combus- .
tion was computed by the following equation:

h = 778 ¢y (To = Ta) (17)

The temperature T, 1s computed by addLng 10 thv ambiant
atmosphoric tempsrature (assumed to be 560° P absoluts) the adia-
batic temperature rise to stagnation before the Intake te ths com—~

pressor and the temperature rise through the compressor,
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(a) A jete-propulsion engine using constant-pressure combustion.

P
!'! v
»
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(b) A simple explosion Jet-propulsion englne.
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(c) A supercharged explosion jet-propulsion engine.

A Comdbustion chamber F Spark plug

B Alr intake G Intake valve
C Compressor H Bxhaust valve
D Turbine . I Motor for driving
B Nozzle supercharger

Figure 1. - Schematic diagrams of jet-propulsion engines using
constant-pressure and constant-volume combustion.
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Figure 2. - ldealized drawing of German flying bomb propelled by d simple explosion

jet-propulsion engine.
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Figure 3.- Effect of heat input and pressure ratio of the compressor
on the combined efficiency of an explosion jet-propulsion engine.
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Pigure 4.- Comparison of effliclencies of Jet-propulsion systems
using constant-pressure combustion and constant-volume combustion.
Fach system at sea level; constant-volume-combustion engline
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Figure 6.- Relation of useful thrust power of an explosion Jet-
propulsion engine to the power required to drive its compressor.,
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